The Peleg model was fitted to the experimental results, which is represented by Equation 2, where M(t) = moisture as a function of time (t) (% dry basis); M 0 = initial moisture (% dry basis); t = soaking time (h), K 1 = Peleg rate constant (h% -1 ); and K 2 = Peleg capacity constant (% -1 ). K 1 is related to the rate of water absorption and K 2 to the equilibrium moisture (PELEG, 1988) .
In Equation 2, '±' becomes '+' if the process is absorption or adsorption and '-' if the process is drying or desorption. The rate of sorption (R) can be obtained by the first derivate of Peleg equation, Equation 3:
The Peleg rate constant K 1 is inversely related to initial water rate sorption rate at the very beginning (R 0 ), i.e. R at t=t 0 (Equation 4).
The Peleg capacity constant K 2 relates to maximum (or minimum) attainable moisture content. As t →∞, Equation 2 gives the relation between equilibrium moisture content (M e ) (% dry basis) and K 2 (Equation 5): A plot of t/(M(t)-M 0 ) against time, t, gives a straight line with K 1 as the ordinate intercept and K 2 as the gradient of the line. Sopade, Ajisegiri and Badau, 1992 reported that K 1 could be likened to a diffusion coefficient and Arrhenius equation could be used to describe the influence of temperature on constant K 1 (Equation 7). 
The linearization of Equation 7 yields Equation 8, from which activation energy value can be calculated (Equation 8). 
In these equations, K ref refers to the hydration constant at a reference temperature T ref , E a is the activation energy, R is the universal gas constant, and T is the hydration temperature. According to Gowen et al. (2007) and Jideani and Mpotokwana (2009) , the reference temperature is the average of the temperatures used for hydration. In the present study, T ref is 22.5 °C.
When ln(1/K 1 ) is plotted against (1/T), a straight line with slope (-E a /R) is obtained, from which the activation energy can be calculated and sensitivity of the constant to the temperature can be assessed.
Materials and methods

Material
Five barley cultivars grown in southern Brazil (2011 harvest), were used to study barley hydration. BRS BRAU, BRS CAUE, BRS BOREMA, BRS 195, and BRS GRETA, are cultivars registered by EMBRAPA (Brazilian Agricultural Research Corporation) and were donated by the Agroindustrial Cooperative from Paraná state and Embrapa Wheat from Rio Grande do Sul in Brazil. All samples were stored under refrigeration at 5 °C.
Chemical composition of barley grains
The chemical composition of barley grains was determined according to the of the Association of Official Analytical Chemists official method (ASSOCIATION..., 1995) . Moisture was determined by drying the sample in oven at 105 °C. Protein was determined using the Kjeldahl method with conversion factor of 6.25, lipids by the Soxhlet extraction method; ash content by incineration at 550 °C in muffle furnace, starch by acid hydrolysis and polarimeter reading (Polax WXG-4), and dietary fiber by the enzymatic method. Statistical analysis was performed using ANOVA followed by the Tukey test for pairwise comparisons of means, at significance level of 5%.
Hydration process
Assays were performed in a Dubnoff shaker water bath with controlled temperature (Q226M2 Quimis). In each experiment, 250 g of barley grains were immersed in distilled water. The experiments were performed in duplicate for each hydration temperature, collecting samples in duplicate so that four samples were obtained at each sampling time.
The temperatures (°C) for the tests were: 10, 15, 20, 25, 30, and 35 , with total hydration time of 32 hours. Grain samples were taken after the following times (hours): 0, 0.08, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30, and 32 . Excess surface water was removed from the sampled grains with paper towels.
The dry basis moisture content was evaluated using Equation 1, where M = moisture (% dry basis) is expressed by the ratio between the mass of water present in the sample (M w ), calculated after drying at 105 °C for 24 h, and the mass of dry sample (M d ) (ASSOCIATION..., 1995) .
The values of moisture (dry basis) were used to fit a polynomial equation that can be presented in a graphical form of Response Surface for moisture estimate of each cultivar, as a function of temperature and time. From the polynomial equation obtained for each cultivar, the period of time that provides the maximum moisture on a dry basis was estimated. Results were statistically analyzed by ANOVA at the significance level of 5%.
literature, reported that barley grains are composed of 53-67% starch, 14-25% fiber, 9-14% protein, 3-4% lipids, 2-3% ash, 1-7% low molecular weight carbohydrates, 4-11% arabinoxylans, 3-7% β-glucan, and small amounts of cellulose and lignin. On the other hand, Izydorczyk et al. (2000) and Quinde, Ullrich and Baik (2004) found higher starch content in barley grains, ranging from 65 to 68% and 10-17% protein, 11-34% fiber, and 4-9% β-glucan. The results obtained are consistent with the average values in the literature, taking into account that the chemical composition is influenced by the climate and soil of the region where the cultivars were grown. Figure 1 shows the evolution of hydration isotherms at different temperatures for the studied cultivars. The comparison of experimental means by statistical analysis applying the Tukey test indicated that the behaviour of hydration kinetics of the five cultivars was similar (p > 0.05). It can be observed that at all temperatures, water uptake was faster in the initial stages, especially in the first four hours, and gradually slowed down as the moisture content approached saturation. According to Hsu (1983a) , it had been demonstrated that diffusion in the solid endosperm is the main mechanism that controls the rate of absorption in seeds regardless of the process conditions. There was a significant effect of temperature on the grain moisture (p ≤ 0.05), mainly on the dynamic of hydration isotherms and also on the equilibrium moisture of the five cultivars.
Hydration
It was observed that the higher the temperature, the greater the rate of water absorption in the hydration process, in accordance with Geankoplis (1983) , who states that the rate of hydration increases with increasing temperature. This increase is due to changes in resistance to grain diffusion. Higher temperatures are known to expand and soften grains (KASHANINEJAD et al., 2007) . Several studies have shown that increasing the temperature of the soaking medium is an excellent way to accelerate the water absorption of various seeds, reducing the soaking time (QUAST; DA SILVA, 1977; KON, 1979; OBEKPA, 1990; ABU-GHANNAM; MCKENNA, 1997; TANG; SOKHANSANJ; SOSULSKI, 1994; HUNG et al., 1993; SEYHAN-GÜRTAS; AK; EVRANUZ, 2001; HSU, 1983a; MASKAN, 2002) . The moisture content of the grains during hydration can be directly related to two variables: time and temperature. As the hydration time is increased, the amount of water absorbed increases (WANG et al., 1979; OBEKPA, 1990) .
Solids loss (%)
The content of soluble solids released from barley was estimated as the amount of solids present in the water drained, expressed as the percentage reduction of barley dry weight compared to the initial percentage (MASKAN, 2001 ).
Thermodynamic considerations
The values of E a allow the determination of different thermodynamic parameters such as enthalpy (ΔH*), entropy (ΔS*), and Gibbs free energy (ΔG*) according to Equations 9, 10, and 11 initially proposed by Sánchez et al. (1992) and applied by Jideani et al. (2002) and Jideani and Mpotokwana (2009) .
In these equations, R is the universal gas constant, lnK ref is the ordinate intersection of the line obtained by linear regression to calculate Ea, K b is Boltzmann's constant (1.38 × 10 -23 J.K -1
), h p is Planck's constant (6.626 × 10 -34 J.s), and T is the absolute temperature. Results were statistically analyzed by ANOVA at the significance level of 5%. Table 1 shows the chemical composition of the barley cultivars. The average values of lipids and starch content were 2.32% and 57.35%, respectively, with no significant difference between the cultivars (p > 0.05). The initial moisture content ranged from 11.96 to 13.49%. BRS 195 and BRS BRAU with the highest moisture contents and the lowest value was that of BRS CAUE. Protein content ranged from 9.55 to 10.56%; BRS 195 and BRS BOREMA showed the highest values. As for ash content, the results ranged from 1.73 to 2.47%; BRS 195 and BRS GRETA showed the highest levels, differing significantly (p ≤ 0.05) from the other cultivars. Values from 17.00 to 19.61% were found in the dietary fiber analysis, and BRS 195 and BRS GRETA showed the highest values. BRS CAUE showed an intermediate value, while the lowest levels were found for BRS BRAU and BRS BOREMA.
Results and discussion
Chemical composition of the barley cultivars
Studies by Aman and Newman (1987) , Oscarsson et al. (1996) , and Andersson et al. (1999) , which are available in the in hours required for the grain to reach moisture equilibrium. This time was obtained identifying the time value that maximizes each one of the equations shown in Table 2 . In order to identify this value, the two partial differential equations resulting from the differentiation of each function were obtained. The system of these two algebraic equations was solved, considering each derivate equal to zero. Therefore, the value of the time was estimated for each temperature.
The kinetics of hydration determined the time required for stabilization of the moisture in the interior of the grain. It was observed that the higher the temperature, the longer the stabilization time required thus reaching 6 hours difference on average when comparing the temperature results obtained in the range of 10 to 35 °C. Table 2 shows the equations generated for the Response Surface of moisture for each cultivar, and Table 3 shows the time Resio, Aguerre and Suarez (2006) for milk powder and rice; maize, millet and sorghum; red kidney beans; wheat; soybeans, and amaranth grain, respectively. K 2 also showed a decreasing behaviour with increasing temperature. This trend was also found in studies by Resio, Aguerre and Suarez (2006) , who studied the kinetics of hydration of amaranth grain, and Pan and Tangratanavalee (2003) and evaluated the hydration of soybeans. According to these authors, when the equilibrium moisture content does not change with temperature, K 2 is a temperature-independent variable; but when there is loss of solids and variation in the equilibrium moisture content during the hydration process, K 2 becomes temperature-dependent and its values begin to decrease with increasing temperature. Table 4 also shows the solid loss for each cultivar at different temperatures. The lowest average loss was 28.60% at 10 °C. The loss of solid material to the liquid phase was also found to increase with increasing temperature. For the temperatures from 10 °C to 35 °C, an increasing average of 6.86% was observed in all cultivars. This difference represents an increase in solid loss by 25.32% related to the value recorded at 10 °C. In these experiments, K 2 decreased with increasing temperature, probably due to loss of solids, which increased resistance to water transfer.
According to Sayar, Turhan and Gunasekaran (2001) , the rate of water sorption can be explained by the diffusion phenomenon. In the hydration process, water content increases in the direction of the driving force. With the decrease of the driving force, the soluble solids offer resistance to water transfer. Water absorption capacity depends on the cell wall structure, grain composition and compactness of the seed cells.
The values of the initial absorption rate (R 0 ) are showed in Table 4 . The value of K 1 decreased with increasing temperature between 10 and 35 °C. Water absorption rate was found to increase with increasing temperature. Cultivar BRS BRAU Two important aspects observed are related to the time consumed and the equilibrium moisture attained during hydration. For example, in Table 3 , the grains take an average of 30.41 hours to stabilize the value of moisture of 94.38% at 35 °C, while at 10 °C, it takes 24.38 hours to reach moisture content of 75.43%. It is also observed that the moisture level reached also increases with increasing temperature, registering an average increase of approximately 19% moisture content on a dry basis by comparing the values obtained at 10 and 35 °C.
The Peleg model, with parameters K 1 and K 2 , was used in the present study. These parameters were obtained from the linearization of the model provided by Equation 2, and their values are shown in Table 4 . Figure 1 shows the experimental data and the prediction of the models for all temperatures tested. The coefficients of determination (r 2 ) shown in Table 4 indicate the quality of fit of the model to experimental data. The values of r 2 ranged from 0.955 to 0.994, confirming the suitability of the equation for describing the kinetics of water uptake by barley grains when the influence of temperature variation is investigated. The Peleg model was found to be adequate to describe the kinetics of hydration of barley cultivars in the present study. Cozzolino, Roumeliotis and Eglinton (2013) stated that the Peleg equation was applied to the curvilinear segment of the water absorption data. The data showed that differences in water result from the different barley cultivars used.
Studies by Sopade and Obekpa (1990) and Sopade, Ajisegiri and Badau (1992) showed that K 1 is a function of temperature and could be likened to a diffusion coefficient, and K 2 is a characteristic sorption parameter of the material studied, with no significant temperature dependence. The Peleg constant K 1 was found to be inversely proportional to temperature, showing a decreasing trend with increasing temperature. Several author reported decreasing K 1 values, namely Peleg (1988) , Sopade, Ajisegiri and Badau (1992) ).
The final equilibrium moisture (M e ) showed in Table 4 is different for each temperature. It can also be observed that the higher the hydration temperature, the greater the equilibrium moisture. Cultivar BRS BRAU had the lowest value of M e : 69.4% (dry basis) at 10 °C, and BRS 195 showed the highest value: 108.5% (dry basis) at 35 °C. Resio, Aguerre and Suarez (2006) also observed that M e increased with increasing temperature during the hydration of amaranth grain. Arrhenius equation was used for the evaluation of the temperature dependence of K 1 . The activation energy is related to the slope of the straight line and therefore represents the influence of temperature on K 1 . Table 5 shows the activation energy obtained by linear regression, the hydration rate constant at the reference temperature (K ref ), and 
Thermodynamic considerations
Enthalpy is the heat released by hydration at constant pressure. It refers to the binding energy, intermolecular forces developed between the solvent, and the adsorbent surface and between the solvent and adsorbed molecules. The nature, homogeneity, and heterogeneity of the adsorbent surface can be characterized by the plot of the ''heat curves'' representing the evolution of isosteric heat of sorption versus solvent ratio. Enthalpy change provides a measure of the energy variations occurring on mixing water molecules with sorbent during the hydration process (OULAHNA et al., 2012) . The values of enthalpy (ΔH*) in Table 5 were negative for all cultivars, indicating that barley hydration is associated with exothermic (energetically favorable) transformations. The values of enthalpy differed between themselves (p ≤ 0.05). Jideani and Mpotokwana (2009) also verified negative values of enthalpy in the hydration of Bambara seeds.
Entropy (ΔS) defines the degree of order of the water-sorbent system and helps to understand processes such as dissolution, crystallization, and swelling (MCMINN; AL-MUHTASSIB; MAGEE, 2003) . Entropy is related to degrees of freedom of the adsorbent; it is a measurement of the disorder of the system. In accordance with the second law of thermodynamics, the the coefficient of determination r 2 . The values of E a obtained for the cultivars BRS CAUE and BRS BRAU, (respectively 123.9 kcal/mol, and 158.1 kcal/mol) were significantly lower than those of the cultivars BRS GRETA, BRS BOREMA and BRS 195 (282.6 kcal/mol, 238.8 kcal/mol and 172.2 kcal/ mol, respectively) . The lower value of Ea and the negatives values of entropy indicate that the seeds were more thermally stable and hydration changes was less influenced by temperature (JIDEANI; MPOTOKWANA, 2009 ). This result suggests that the rate of water absorption of the cultivars BRS CAUE and BRS BRAU are higher than that of the other cultivars and also that these cultivars get the equilibrium faster than the others, what can be observed in Figure 2 . The higher values of Ea indicate that the seeds experience a large change and hydration was more influenced by temperature. According to Hsu (1983b) , the activation energy is lower at high water contents, indicating that diffusion tends to be more temperature sensitive at low moisture contents (at the beginning of absorption) than it is at high water contents (toward the end of absorption).
The activation energy is a function of the grain composition; furthermore, it should be expected the occurrence of some effects of temperature and water content on diffusivity. (K) phenomena are reversible if the entropy variation equals zero. In this study, entropy values were negative and were similar for all cultivars, with no significant difference (p > 0.05). Gibbs free energy is the driving force at constant temperature and pressure. Changes in free energy are generally coupled with enthalpy and entropy changes. The sign of ΔG informs about the spontaneity of the reaction. If ΔG < 0, the reaction is spontaneous (OULAHNA et al., 2012) . In this study, positive values of ΔG were obtained, showing that the process was not spontaneous. A significant difference (p ≤ 0.05) was found for the cultivars at different temperatures. The ΔG* increased with increasing temperature was observed, indicating that hydration was influenced by temperature. However, the low values of E a and the negative values of entropy found for the cultivars BRS CAUE and BRS BRAU indicate that these cultivars are more thermally stable and for the changes during hydration are less temperature dependent.
Conclusions
Hydration temperature and time had significant influence (p ≤ 0.05) on the hydration kinetics of barley cultivars. The kinetics of hydration determined the time in hours required for the stabilization of the moisture into the grain; it was observed that the higher temperature, the longer the stabilization time required. Peleg model was adequate to describe the hydration of these cultivars at temperatures of 10 to 35 °C. Coefficients of determination indicated a good fit of Peleg model to the experimental data. The parameters K 1 and K 2 decreased with increasing temperature. The initial absorption rate (R 0 ) increased, and the amount of absorbed water increased with increasing temperature. Equilibrium moisture content (M e ) increased with increasing temperature. Activation energy was lower for the cultivars BRS CAUE and BRS BRAU, indicating that the rate of water absorption of these cultivars is faster compared with that of the other cultivars with higher activation energy. Enthalpy and entropy values were negative, and Gibbs free energy was positive for all cultivars, with a significant effect (p ≤ 0.05) of the time/temperature combination. 
